ABSTRACT The core of photosystem II (PSII) of green plants contains the reaction center (RC) proteins D1D2-cytb559 and two core antennas CP43 and CP47. We have used time-resolved visible pump/midinfrared probe spectroscopy in the region between 1600 and 1800 cm À1 to study the energy transfer and charge separation events within PSII cores. The absorption difference spectra in the region of the keto and ester chlorophyll modes show spectral evolution with time constants of 3 ps, 27 ps, 200 ps, and 2 ns. Comparison of infrared (IR) difference spectra obtained for the isolated antennas CP43 and CP47 and the D1D2-RC with those measured for the PSII core allowed us to identify the features specific for each of the PSII core components. From the presence of the CP43 and CP47 specific features in the spectra up to time delays of 20-30 ps, we conclude that the main part of the energy transfer from the antennas to the RC occurs on this timescale. Direct excitation of the pigments in the RC evolution associated difference spectra to radical pair formation of P ; caused by a drop in free energy, occurs in 200 ps in closed cores. We conclude that the kinetic model proposed earlier for the energy and electron transfer dynamics within the D1D2-RC, plus two slowly energy-transferring antennas C43 and CP47 explain the complex excited state and charge separation dynamics in the PSII core very well. We further show that the time-resolved IR-difference spectrum of P 1 D1 Pheo À D1 as observed in PSII cores is virtually identical to that observed in the isolated D1D2-RC complex of PSII, demonstrating that the local structure of the primary reactants has remained intact in the isolated D1D2 complex.
INTRODUCTION
Photosystem II (PSII) of higher plants, algae, and cyanobacteria is a transmembrane pigment-protein complex that uses light to oxidize water (produce oxygen) and reduce plastoquinone via a complex set of energy and electron transfer events. The PSII complex is comprised of a large number of subunits, but its core is formed by three pigment-binding subunits: the two antenna complexes CP43 and CP47 and the reaction center (RC) complex D1D2cytb559. During the past few years a number of crystal structures of the core of PSII from cyanobacteria have been resolved with increasingly better resolution (1) (2) (3) (4) ; currently the resolution is 3.2 Å (5). From this it was established that CP43 binds 14 chlorophylls (Chls) (6) a and 3 b-carotenes (Cars), CP47 17 Chls a and 4 b-Cars, whereas the D1D2-RC contains 6 Chls a, 2 pheophytins (Pheo) a, 2 b-Cars, the primary and secondary quinones Q A and Q B , respectively, and the manganese (Mn)-cluster. We note that, from the crystal structure (1) (2) (3) (4) (5) , it follows that the Chl molecules in CP43 and CP47 are relatively far (.20 Å ) away from any of the RC pigments.
After excitation of the PSII core, rapid energy transfer occurs among the pigments of each of the core antennas, followed by energy transfer to the RC (7) (8) (9) (10) (11) . When one of the pigments of the D1D2-RC is excited, an ultrafast charge separation is initiated, leading to the formation of P (6, 12) On a timescale of a few hundred picoseconds the electron is transferred from the reduced pheophytin (Pheo À D1 ) to the secondary acceptor, a quinone, denoted Q A and subsequently in a few hundred microseconds to Q B (6) . P 1 D1 is reduced by a redox-active tyrosine, and finally the positive charge is stored in the Mn-cluster associated to the D1 protein. Two turnovers of the D1D2-RC plus the uptake of two protons generate Q B H 2 ; after each four turnovers, two water molecules are oxidized, generating four electrons, four protons, and one O 2 molecule. Note, though, that in the core complexes studied in this work, the Q B molecule was absent.
During the past two decades the precise sequence of early events in PSII has been studied in the isolated D1D2-RC using a multitude of spectroscopic techniques, including visible time-resolved pump-probe spectroscopy, fluorescence spectroscopy, low-temperature fluorescence, hole-burning, singlet-triplet spectroscopy, etc. The experimental data revealed a multitude of lifetimes associated to the charge separation and stabilization process. Energy transfer among the four Chls and two Pheos in the heart of the RC is most likely fast (hundreds of femtoseconds) (13) . Recently we showed, using femtosecond visible-pump/mid-IR-probe spectroscopy, that, in isolated D1D2-RCs, charge separation occurs predominantly from the Chl (Chl D1 ) in the active branch to form the state Chl 1 D1 Pheo À D1 ; which, on a timescale of 6 ps, converts into the state P 1 D1 Pheo À D1 : On a slower (a few hundred picoseconds) timescale, a relaxation in free energy of the radical pair causes a shift of the excited state-radical pair equilibrium toward the side of the radical pair, as monitored by a decay of fluorescence and stimulated emission (10, 14, 15) . It was recognized that the presence of disorder severely complicates matters, making all the early events very nonexponential and allowing various paths of charge separation to compete (16) (17) (18) . Later, visible pump-probe experiments essentially confirmed this picture, only the estimated rate of initial charge separation was a bit slower, possibly because of somewhat different experimental conditions (19) .
Early fluorescence lifetime experiments on whole thylakoids showed that the fluorescence decay of PSII was essentially biphasic with a fast phase of ;200 ps and a slower phase of ;500 ps to 1 ns (see review (20) ). To explain this, a model was proposed in which the first stable radical pair (P 1 D1 Pheo À D1 ) formed during the 200-ps phase remained in permanent equilibrium with the Chl a excited state, and consequently, the electron transfer from Pheo À D1 to Q A in ;0.5-1 ns gave rise to a second phase in the fluorescence decay (20) . Note that this model implies ultrafast (,1 ps) energy transfer among all the components involved. Later the same model was applied by Holzwarth and colleagues to analyze the fluorescence decay of PS II cores and named the ''exciton-radical pair equilibrium model'' (21) . The fluorescence of PSII cores was also found to decay biphasically with decay times of 40-80 ps and 200-500 ps (12, 14) . Recent visible pump-probe and time-resolved fluorescence measurements on PSII cores were interpreted assuming similar fast equilibration times, a dominant trapping time of ;40 ps, and a weaker trapping component of ;300 ps (19, 22) . The authors applied the exciton-radical pair model to explain their data and included ultrafast energy transfer among CP43, D1D2-RC, and CP47, the formation of the state Chl ; numbers that are surprisingly large compared to those estimated from the temperature-dependent triplet and fluorescent quantum yield, the RT fluorescence, and fs-IR data obtained for the isolated D1D2 complex (16, 18, 23) . This could suggest that the contribution from the antenna pigments in the equilibrium model was not taken into account correctly. We finally note that the assumption underlying the exciton-radical pair model, namely ultrafast energy transfer among all the Chls a in the PSII core, may be seriously questioned in view of the large distance between the Chls of CP43/CP47 and the chlorins of the D1D2-RC, as observed in the PSII core structure (7, 9) . However, as for the D1D2-RC, the interpretation of the visible pump-probe and fluorescence results for PSII cores are seriously hindered by the spectral congestion in the 660-700 nm region and the difficulty of distinguishing excited states from charge-separated states. For that reason, we performed a visible pump/mid-IR probe study on PSII cores, with the aim of distinguishing the various excited states and charge-separated states according to their IR-signature and to resolve some of the discrepancies mentioned above. Because the spectra of Chl and Pheo in their excited, anion, cation, and neutral states have very specific signatures in the mid-IR (24) (25) (26) (27) (28) (29) , a more direct observation of the rates of energy transfer, P D1 oxidation, and Pheo D1 reduction can be achieved when analyzing the large manifold of vibrational bands observed by using mid-IR spectroscopy.
Earlier time-resolved mid-IR work (30, 31) and timeresolved visible pump/probe experiments and the fluorescence measured using Streak camera at low temperature (8) identified a fast spectral evolution within CP43 and CP47 after a short excitation pulse as being caused by energy transfer among pigments within the same (either stromal or luminal) pigment layer (0.2-0.4ps) and trapping on a low energy state of the complex (in ;2 ps). In both CP47 and CP43, a slower 10-to 20-ps component was present, which indicated further energy transfer to a red state. In roomtemperature studies on CP47 and CP43, combining visible pump/probe and visible pump/mid-IR probe spectroscopy, this basic pattern of energy flow was confirmed (30, 31) . The red state in CP47 at 690 nm was found to have its keto mode at 1686 cm À1 , reflecting a polar environment and/or a weak H-bond of this ''red'' Chl, whereas in CP43 the red state was found at 1691 cm À1 . The experiments on isolated CP47 (30) and CP43 (31) showed that the initial excited state spectra were significantly different from each other and from those of the D1D2-RC (16) . Moreover, the time-resolved mid-IR spectra allowed us to clearly resolve the ultrafast equilibration followed by slow ''blue-to-red'' energy transfer in both complexes, in agreement with earlier visible pump-probe experiments (8) .
In the past, results obtained with purified D1D2-RCs have been questioned because of its biochemical state, because the purified D1D2-RC has lost the two quinones and is no longer able to oxidize water and produce oxygen. The spectroscopic properties of the triplet state as observed in D1D2-RC, unlike the state observed in PSII core, suggested strong preparationinduced shifts of the site energies of the pigments carrying the triplet state, which is localized on Chl D1 at ,80 K and can be shared with P D1 at .80 K (6,10).
MATERIAL AND METHODS
The PSII core samples were isolated from spinach as previously described (32) . To check quality and purity of the sample, visible absorption spectra were measured. For vis-pump/mid-IR probe experiments, the samples were concentrated to an OD of 0.5 per 20 mm À1 at 680 nm. The cell was then placed in the setup, which was contained in a flow box purged with N 2 . The experimental setup consisted of an integrated Ti:sapphire oscillatorregenerative amplifier laser system (Hurricane, Spectra Physics) operating at 1 kHz and 800 nm, producing pulses of 0.6 mJ with a duration of 80 fs. A portion of the 800-nm light was used to pump a home-built noncollinear optical parametric amplifier to produce the excitation pulse at 681 nm (full width at half-maximum, 8 nm) of 125 mm diameter. A second part of the 800-nm light was used to pump an optical parametric generator and amplifier with a difference frequency generator (TOPAS, Light Conversion) to produce the mid-IR probe pulses, with the central frequency at 1680 cm
À1
and with a ;200 cm À1 bandwidth.
The visible excitation and the mid-IR probe pulses were attenuated, overlapped, and focused onto the sample with a 200 mm and 60 mm lens, respectively. The probe pulses were dispersed in a spectrograph after the sample and imaged on a 32-element MCT detector array, yielding a spectral resolution of 6 cm À1 . The absorption of a polystyrene film was used for spectral calibration of the setup. To ensure the excitation of a fresh spot at every shot, the sample was continuously moved in a home-built Lissajous scanner. The polarization of the excitation pulse was set to the magic angle (54.7°) with respect to the IR probe pulses. The cross-correlation of visible and mid-IR pulses was measured in GaAs to be 150 fs.
A phase-locked chopper operating at 500 Hz was used to ensure that every second shot the sample was excited and that the change in transmission could be measured.
Experiments were repeated three times; in every experiment a fresh sample was used, and four data sets were collected. After a check for consistency, the 12 data sets containing 600 scans in total were averaged. Data analysis was performed on the raw data using global and target analysis methods (33) .
RESULTS
We excited the PSII cores with 250-nJ, 100-fs, 681-nm laser pulses and measured the resulting absorption changes in the mid-IR between 1780 and 1580 cm À1 . To visualize the timedependent evolution of the measured absorption difference spectra, a sequential scheme with increasing lifetimes was fitted to the experimental data, which yielded the following lifetimes: 3 ps, 27 ps, 200 ps, and 2.5 ns. The resulting evolution associated difference spectra (EADS) are shown in Fig. 1 . In the difference spectra we observe the bleaching of several keto C 9 ¼O modes of Chl or Pheo molecules between 1710 and 1640 cm À1 . The exact frequency of the keto stretch of a Chl or Pheo molecule depends on the presence of a hydrogen bond and on the polarity of its environment (25, 26, 28) . The stronger the hydrogen bond, or the larger the polarity of the environment, the lower the frequency of the C 9 ¼O mode. The 10a-ester modes of Chl and Pheo absorb in the 1710-1750 cm À1 region and are in a similar way dependent on their environment. In the excited state of Chls, the keto and ester modes downshift from 1695 cm À1 to 1660 cm À1 and from 1737 cm À1 to 1726 cm À1 , respectively (16, 30) , whereas in the cation state of Chl, the keto band upshifts ;25 cm À1 to 1718 cm À1 (16, 24, 28) . The initial spectrum, which has a lifetime of 1-3 ps (black line, Fig. 1 ), represents the excited states of the PSII core chlorins as reflected by the large positive band at 1645 cm À1 , typical for Chl excited states (16, 30, 31) . A comparison of this initial excited state spectrum of PSII cores with those of the isolated D1D2-RC (16) and the core antennas CP43 (31) and CP47 (30) reveals similarities between them. The spectra show which spectral features present in the initial core spectrum are related to which subcomponent: D1D2-RC, CP43, or CP47 (see Fig. 2 ). The negative bands at 1705 cm À1 and 1678 cm À1 were observed in the initial spectrum of isolated D1D2-RC, and the next two negative bands at 1691 cm À1 and 1669 cm À1 and the positive band at 1698 cm À1 were observed in isolated CP47; the broad negative feature at 1745 cm À1 is probably a mixture of the bleach in excited CP47 and in CP43 at the same frequency, whereas the two positive bands at 1715 cm À1 and 1730 cm À1 were observed in both the isolated CP43 and CP47 spectra, but they were not pronounced in excited D1D2-RC. This implies that, after excitation with 681-nm light, the initial spectrum of PSII cores shows features representative for each of the three excited complexes: CP43, CP47, and RC.
In the next spectrum, which is formed in 1-3 ps and decays in 27 ps (red line, Fig. 1 ), we still observe the presence of all the excited PSII core parts, but about half the excited states have disappeared as reflected by the decay of the 1645 cm À1 band. This is most likely in large part caused by multiexcitation annihilation occurring within CP47 (30), CP43 (31) , and the D1D2-RC (16), as a consequence of the relatively high excitation power we used, 250 nJ. On this timescale at the same excitation density, similar decays and spectral shifts were observed in isolated CP47 (30) and isolated CP43 (31); for instance, in CP47 after excitation, a 2-ps decay of the excited state population is observed as a result of annihilation, while the major bleaching shifts from 1686 cm À1 to lower frequency; in CP43 annihilation seems a bit faster (;1 ps), while the spectrum does not change much, with major bleaches at 1691 cm À1 and 1677 cm À1 . Furthermore, we observe a small fraction of charge separation; in particular, there is a hint of bleach at ;1656 cm À1 , the small negative band that dramatically increases in intensity as time progresses and that probably reflects a protein response to charge separation (25) (26) (27) (28) (29) . From its amplitude we estimate that after 3 ps charge separation has occurred in ;10% of the cores, and consequently, the 3-ps spectrum reflects mainly excited D1D2-RC, CP43, and CP47. Clear charge separation and formation of P 1 D1 Pheo À D1 are observed after 27 ps in the green spectrum by the appearance of the negative band at 1656 cm À1 . We observe a further decay of the band at 1705 cm À1 , and we see the bands related to P related to the 10a-carbomethoxy ester C¼O group of Pheo a (27) (28) (29) . Some further dynamic changes occur after 200 ps (blue line, Fig. 1 ), when we clearly see an increase of the band shift feature at 1666/1656 cm À1 , an increase of the 1712 cm À1 band, which is probably also responsible for a decrease of the partially overlapping 1705 cm À1 band, a decay of the band at 1610 cm À1 , and a disappearance of the shoulder at 1691 cm, which is related to CP43. This spectral evolution suggests that only in this final step most of the excitations disappear from the system, by trapping in the radical pair P
There is no indication of the state P 1 D1 Q À A being formed, which is caused by the relatively high excitation density in our experiment, causing all RCs to be ''closed'' i.e., with Q A in the reduced state.
Although the EADS reflect the spectral evolution of the system, they do not necessarily represent ''pure'' states. In fact they often reflect spectroscopic mixtures of states; the spectra of the ''true'' states can be obtained only by applying a ''realistic'' kinetic model in a so-called target analysis (see below).
Target analysis
To obtain a better understanding of the energy transfer and charge separation processes in the PSII core complex, we applied a target analysis of the data and established a kinetic model for energy transfer between antennas and D1D2-RC, including the process of annihilation. The scheme of energy transfer and charge separation within the isolated PSII reaction center remained the same as the one used before and published recently (16) .
The PSII core is characterized by 39 single excited states (14 Chls a in CP43 antenna, 17 Chls a in CP47, and 6 Chls a plus 2 Pheos in the D1D2-RC). In addition, at least two radical pair states must be accounted for because the 200-ps process is too slow for an energy transfer process and most likely is caused by a relaxation of the P 1 D1 Pheo À D1 radical pair state. The experimental data only allow for a limited number of experimentally accessible parameters, and consequently we propose a simplified kinetic model, depicted in Fig. 3 , which contains five compartments: three excited states and two radical pairs. The first three compartments we take to represent the CP43, CP47, and RC complexes, respectively. For each antenna there is one ''equilibrated'' excited state that slowly transfers energy to the next adjacent excited state RC*RP1 compartment. To describe the annihilation and fast energy transfer processes within the CP43 and CP47 antennas and the RC, each of the excited states contains an intracomplex dynamic component that takes place on a timescale of ;2 ps.
The compartment RC*RP1 represents a mixture of an RC excited state and the first radical pair RP1 identified as Chl The initial 1-to 3-ps and 27-ps spectra of PSII cores resulting from the sequential analysis clearly show features that can be ascribed to specific compartments of the core complex. Nevertheless, we do not obtain meaningful FIGURE 2 Comparison of initial spectra of core complexes and isolated PSII RC (black and red lines, respectively), excited with the same wavelength, 681 nm, and antenna CP43 and CP47 spectra (green and blue lines, respectively), excited at 585 nm. estimated spectra for the excited state compartments when the target model is fitted to the data without restraint, probably because of the complexity of the IR spectra. Therefore, we use the time-resolved IR absorption difference spectra of the individual CP43 and CP47 complexes (30, 31) as input for the target analysis. Compartments CP43 and CP47 are restricted to be similar within 10% to the experimental spectra of the isolated complexes (10-ps and 28-ps spectra, respectively). In addition, to add the information about the excited state dynamics, we perform a simultaneous fit of the mid-IR difference spectra with fluorescence emission data measured on PSII core complexes in the closed state (34) . With this, a fit of similar quality as the one shown in Fig. 1 was obtained for the IR data and the emission data; this fit is shown in Fig. 4 C. Note that the five-compartmental model that we used yields one parameter more than when we fitted the sequential model, which is possibly a result of the inclusion of the extra number of data points from the Streak fluorescence experiment.
The rates that are estimated from target analysis are indicated in the kinetic scheme in Fig. 3 . Care was taken to fix the start values of the forward and backward rates in the energy transfer processes to a value consistent with the fact that there are twice as many Chls in each of the antennas as in the RC. The ratios of the forward and backward rates in the charge separation processes were found to be 4 and 3, respectively. The lifetimes that result from this model are shown in the first column of Table 1 , which also gives the amplitude matrix of the compartments.
Apart from the intracomplex equilibration and annihilation (occurring in ;2 ps) five different species were resolved: CP43*, CP47*, RC*RP1, RP2, and RP3. The annihilation processes taking place from the three excited states in ;2 ps, leading to a ;50% loss of excited states, are not shown in the amplitude matrix ( Table 1 ). The 2.5-ps component reflects the equilibration between the RC*RP1 state and its surroundings (decay of the component RC*RP1, see Table 1 and Fig. 4 B) . Most of the population of RC*RP1 flows into RP2 (rise of the component RP2, see Table 1 and Fig. 4 B) , 25% flows back to the antenna because RC*RP1 is connected to CP43 and CP47 via slow energy transfer processes. In the next phase of 28 ps, excited CP43 and CP47 equilibrate with RC*RP1 and RP2, and ;25% of the excitations from the core antenna complexes have formed radical pairs. The 40-ps component in which a small fraction of energy flows from CP43 into CP47 reflects the small free energy difference that was introduced between CP43* and CP47*, with CP47* a bit lower in energy than CP43* simply because CP47 has a slightly larger number of Chls than CP43. Most of the formation of RP3 occurs during the 360-ps phase, even if the sum of the forward and backward rates is ;200 ps, because of the equilibration of the excited state over the three excited state compartments. In 360 ps essentially RP2 decays into RP3 by transfer of excitations from the three excited state compartments. Compared to the numbers obtained for the isolated RC (16), the forward RP2/RP3 rate is a bit slower: 278 vs. 210 ps (16) , whereas the backward rate is significantly slower: 868 vs. 420 ps (16) . Note that in particular the value for the back rate constant is strongly determined by the fluorescence decay profile and not by the pump-probe data. A small error in the fluorescence level after 1 ns, for instance. as a result of unconnected pigments will have a strong influence on the latter value. The final component of 12 ns reflects the decay of the system to the original state, mainly via RP3, partly via the excited states that have remained on CP43, CP47, and RC*RP1. Fig. 4 A shows the species associated difference spectra (SADS) resulting from the model applied in target analysis. Black and red spectra represent excited states of CP43 and CP47, respectively. In our model the black spectrum was linked to the 10-ps lifetime spectrum measured on the isolated CP43 complex (31) , and the red spectrum to the 28-ps lifetime spectrum of CP47 (30) . Because of this modeling procedure, a large part of the experimental error present in the initial spectra has been transmitted to the next spectrum, representing the RC*RP1 state (green spectrum, Fig. 4 A) . Spectra measured in isolated antennas CP47 and CP43 agree very well with spectra resulting from target analysis (see Fig.  5 , plots A and B), although there is one obvious discrepancy between the CP43 spectra in the region around 1700 cm À1 , where we observe a shift of the peak at 1705 cm À1 in the PSII core SADS to below 1700 cm À1 in the SADS of the isolated antenna. On the other hand, comparing the CP47 spectra with those of CP43, we see that the characteristic negative band at 1696 cm À1 has a bit less intensity in the PSII core. Thus, compensation effects may have occurred that explain the difference between the CP43 SADS in PSII cores and in isolated CP43.
The green spectrum (see Fig. 4 A) Fig. 5 , plot C). This confirms that the PSII core complex can be described as being the sum of its components, and validates our approach of determining the energy transfer times to the RC by tracking the CP43, CP47 and RC-RP concentrations in time.
The spectra assigned to RP2 and RP3 (respectively shown in blue and cyan in Fig. 4 A) represent the secondary radical pair state P
; where RP3 is a relaxed form of RP2. In Fig. 6 , we compare the RP3 spectrum from the PSII core complex to the radical pair spectrum RP3 from isolated D1D2-RCs (see Fig. 6 A) and with the sum of P 1 D1 /P D1 and Pheo À D1 /Pheo D1 spectra obtained by steady-state FTIR techniques (25,28) (see Fig. 6 B) . The good agreement in both cases shows that, as expected, we can associate RP3 with P The spectra of RP2 and RP3 do not show any significant spectral differences and therefore do not bring any further information on the cause of relaxation from RP2 into RP3 on the 360-ps timescale.
There is clearly a good agreement between the longestlived EADS and the sum of P Positive amplitudes denote decay of concentration of the corresponding compartment, and negative amplitudes rise, respectively. Note that the annihilation processes taking place from the three excited states in ;2 ps, leading to a ;50% loss of excited states, are not shown in the table.
FIGURE 5
Comparison of the excited state compartments measured in PSII core and in isolated antennas CP47, CP43, and D1D2-RC. Black spectra resulting from target analysis of PSII core data represent excited state of the compartments: CP47, CP43, and RC*RP1. Red spectra were measured in isolated antennas: CP47 and CP43 (A, 28-ps spectrum (30); and B, 10-ps spectrum (31), respectively). The red spectrum in plot C is the sum of PC, BC, and RP1 spectra resulting from target analysis of isolated D1D2-RC data (16).
Noguchi et al. (29) suggest an even higher degree of similarity because their Pheo À D1 /Pheo D1 spectrum shows a large amplitude of the 1664/1657 cm À1 band shift, similar to that observed in our spectrum: 1666/1656 cm À1 . The magnitude of this band depends on temperature and even varies somewhat from experiment to experiment (J. Breton, unpublished results). Raman spectra of PSII reaction centers do not show any bands between 1660 and 1640 cm À1 (26) , and therefore the 1664/1657 cm À1 band shift probably results from an amide C¼O response to the charge separation rather than from a Chl keto. Both spectra, the P (25-29)). The origin of the band shift at 1666/1656 cm À1 is probably caused by an amide C¼O response to the charge separation (26, 29) .
Concentration profiles of all the compartments are shown in Fig. 4 B. Note how the ratio between RC*RP1 and both CP43* and CP47* keeps on changing up to a delay time of ;50 ps, meaning that the excited states in the three complexes are not in a quasiequilibrium during this time window. In addition, we observe that the population of the state RC*RP1 is low compared to the other excited states, which means that because of the limited signal/noise ratio the spectrum representing state RC*RP1 contains more experimental error than the other spectra.
DISCUSSION
In this work we have measured the spectroscopic mid-IR (1580-1800 cm À1 ) response of PSII core particles after a visible excitation pulse, with the aim of spectroscopically separating the different compartments that may contribute to the time evolution of the system. In particular, we wish to establish the time-dependent population of the excited core antenna proteins CP43 and CP47 relative to the D1D2-RC, which is very difficult to obtain from vis-vis pump-probe or visible fluorescence experiments. In contrast to visible pump-probe and fluorescence spectroscopy, in the experiments reported here we are indeed able to observe the excited state kinetics of the individual components. The measured time-dependent midinfrared difference spectra are clearly very rich in features. The multiexponential decay times of the absorption-difference spectra are in good agreement with the time constants observed earlier in femtosecond mid-IR and visible pump-probe experiments on CP47 (8, 30) and CP43 (9,31) and the D1D2-RC (16, 35) . The aim of the target analysis, in which the experimental data are fitted to a kinetic model, is to obtain the pure spectra of the states, species associated difference spectra (SADS), which was achieved here with the exception of the spectrum representing a mixture of the reaction center excited state RC* and first radical pair Chl
Because of the complexity of the system and the relatively low population of this state, the ''final'' result shown in Fig. 4 A was the best obtainable result that allowed a good fit to the data. As an input, apart from PSII core data, we used the CP47 and CP43 mid-IR spectra (measured at 28 ps and 10 ps, respectively) (30, 31) and the Streak emission data obtained for closed PSII cores (34) . The applied kinetic model was based on the one that we previously used to analyze the D1D2-RC data (16) , and in this work it has been extended to include the energy transfer from CP43 and CP47 to the D1D2-RC and the intracomplex dynamics (annihilation, equilibration, and energy transfer) within the antenna CP43, CP47, and the D1D2-RC. The SADS resulting from the target analysis were compared to the reference spectra: (24, 25, 27, 28) (measured with FTIR), to the CP43* (31), CP47* (30), and RC* (16) (measured on isolated antennas and RC with vis pump/mid-IR probe spectroscopy) to determine the nature of the states that were formed.
Kinetic model, amplitude matrix and target analysis
In this work we have extended our earlier kinetic scheme (16) , which describes charge separation in the isolated PSII RC, to include energy transfer from the core antennas CP43 and CP47. To obtain a realistic fit to the data, the intracomplex energy transfer and annihilation events had to be explicitly included. In the structure of the PSII core only one pigment in CP43 and one pigment in CP47 are in effective contact with the pigments of the PSII core. At a FIGURE 6 Comparison of secondary radical pair RP3 obtained from the experimental PSII core data with the RP3-spectrum as measured in isolated D1D2-RC (A) and with the sum of the P 1 D1 /P D1 and Pheo À D1 /Pheo D1 spectra obtained using steady-state FTIR techniques (B).
center-to-center distance of ;2 nm one may expect a local hopping rate of ;2 ps. A good example is the bacterial LH2 complex, where in the B800 ring the ''monomeric'' B800s are at a distance of ;2 nm, and the estimated B800-to-B800 hopping rate is ;2-3 ps (36) (37) (38) . Because the excitation has a (more or less) equal probability to be localized on any of the 14/17 Chls of CP43/CP47, the effective transfer rate from CP43 and CP47 to the PSII RC must be of the order of 30-50 ps. The back rates from the PSII RC to CP43/CP47 at room temperature must each be about a factor of 2 faster to account for the 2:1 pigment ratio between CP43/CP47 and the RC. We conclude that the kinetic model applied earlier describing energy transfer and charge separation within the D1D2-RC (16), together with two antenna compartments that transfer energy on a slow timescale, explains energy and electron transfer in the PSII core very well. The slow energy transfer from the core antennas to the D1D2-RC is in agreement with the structural data (7, 9, 39) , but in contrast to the fast (, 1 ps) equilibration rate proposed from earlier photon counting emission data (22) .
Identification of excited states
To identify the species representing the SADS spectra of excited state, compartments CP43*, CP47*, and RC*RP1 were compared to the spectra of the individual complexes (see Fig. 5 ). We of course see an excellent agreement of first two SADS with the CP43 (31) and the CP47 (30) SADS measured in the isolated antenna after the first fast relaxation (annihilation plus excited state equilibration) has taken place (see plots A and B in Fig. 5 ). To obtain a reasonable fit to the data, we had linked the spectra of CP43/CP47 in the core to those of the isolated complexes. There is one obvious discrepancy between the CP43 spectra in the region around 1700 cm À1 , where we observe a shift of the peak at 1705 cm À1 in the PSII core SADS to below 1700 cm À1 in the SADS of the isolated antenna. On the other hand, comparing the CP47 spectra with those of CP43, we see that the characteristic negative band at 1696 cm À1 has a bit less intensity in the PSII core. Thus, compensation effects may have occurred that explain the difference between the CP43 SADS in PSII cores and in isolated CP43.
The RC*RP1 spectrum was compared to the sum of PC, BC, and RP1 spectra resulting from a target analysis of timeresolved vis pump/mid-IR probe data measured for the isolated D1D2-RC (16) . These spectra predominantly represent the excited state of the D1D2-RC. However, in the experiments on PSII cores, the population of RC*RP1 is significantly lower than those of the other states (see Fig. 4 B) . Moreover we ''linked'' the CP43 and CP47 spectra obtained in the isolated complexes to those in the PSII core, implying that all the deviations were going to be put in the RC*RP1 spectrum. For this reason the spectrum is relatively less certain than the other SADS. Nevertheless, we see many similarities between the two spectra: they share negative Fig. 5 , plot C). Therefore, we conclude that PC* is the major contribution to the spectrum of compartment RC*RP1. One notable difference is at 1656 cm À1 , where there is a clear negative band in the PC* spectrum, whereas the RC*RP1 SADS displays a broad positive band in the same wavelength region. In the PSII core we observe a bleaching of this band only when the later species P 1 D1 Pheo À D1 appears. One possibility is that in the D1D2-RC 681-nm excitation produces a direct charge separation because of the mixing of the first charge-separated state with the lowest excitonic state (17) . In this respect it is relevant to note the difference in initial spectra measured for the D1D2-RC after ''red'' and ''blue'' excitation (see Fig. 3 a in Groot et al. (16)).
Comparison of radical pairs RP3 and steady-state P D1 1 /P D1 and Pheo D1 À /Pheo D1 spectra (25, 28) . The long-lived spectrum measured in intact cores of PSII shows a very good agreement with the RP3 spectrum measured in isolated RC (see Fig. 6 A) , as well as with the composed steady-state P 1 D1 Pheo À D1 /P D1 Pheo D1 spectrum (see Fig. 6 B) . The spectra of RP2 and RP3 do not show any significant spectral differences and therefore do not bring any further information on the cause of relaxation from RP2 into RP3 on the 360-ps timescale. This fact may suggest that the amount of protein relaxation that causes RP2 to relax into RP3 must be small, and the observed differences may arise from noise (e.g., because of the limited number of data points during the lifetime of RP3).
The well-pronounced bleaching of the band at 1656 cm À1 in RP2 and RP3 spectra, superimposed on a positive signal, resembles the spectrum of Chl*/Chl in CP47 (30) . Possibly the band at 1656 cm À1 is also caused by a Chl molecule with strong H-bond interaction, but because no Raman bands are observed at this frequency (26, 40) , we speculate that it is the response of an amide C¼O to the changed electron distribution of the Chl(s) 1 .
Other kinetic models
Recently, studies of the excited state and radical pair dynamics in PSII cores and isolated D1D2-RCs using femtosecond transient absorption spectroscopy (19) and later by picosecond fluorescence (22) have been published. The results from these studies were analyzed with the excitonradical pair equilibrium model, which assumes the ultrafast equilibration of all the excited states before charge separation occurs, in clear opposition to the assumptions made here. One important difference between the experimental data shown here and in elsewhere (19, 22) is that, according to the other authors, it was not necessary to account for multiexcitation annihilation, whereas in the data shown here annihilation is clearly present, and we took that explicitly into account. Nevertheless, the reported amplitude of the absorption changes in PSII cores (19) of the order of 10-20 mOD are on the edge of being annihilation free for just CP43 and CP47, implying that in Holzwarth et al. (19) as well, the PSII core data may have contained multiexcitation contributions. According to Holzwarth et al. (19) and Miloslavina et al. (22) , the fastest ,2-ps component describes an energy transfer within the antenna CP43 and CP47 and from antenna to RC. This component corresponds to our ''mixed'' annihilation and equilibration kinetics within the complexes, the main difference being that in our model the CP43/CP47 energy transfer to the RC is much slower and plays no role on this ultrafast timescale, in agreement with structural data and modeling. In our model there is a fast 2.5-ps equilibration between the RC*RP1 state and the RP2 (P
) that is absent in their models (19, 22) . In the latter, all the following components must be related to the primary and secondary charge separation steps (19, 22) . The next 9-ps component has a significant intensity in the fluorescence decay experiments (22) , whereas in Holzwarth et al. (19) there is no stimulated emission component of this lifetime. Holzwarth et al. have resolved a 30-to 40-ps component, which they ascribe to the formation of RP2 out of RP1. Because they set RP2 much lower in free energy, during this decay phase the majority of excited states disappear from the excited antenna, and in both the fluorescence and the pumpprobe data, this component represents the major decay of excited states. In our work we resolved a 28-ps component, which is similar in lifetime to the 30-to 40-ps component in Holzwarth et al. (19) and Miloslavina et al. (22) . However, in our model the physical origin of this component is the excited state equilibration process amomg the antenna CP43, CP47, and RC via slow energy transfer, leading to the rise of the RP2 population, which was already in a quasiequilibrium with RC*RP1. Thus, as in Holzwarth et al. (19) and Miloslavina et al. (22) , excited state decay leads to 30-to 40-ps RP2 formation, but the physical reason is different: slow formation of RP2 (19, 22) versus slow energy transfer from CP43*/CP47* (present work). Finally, we note that in case the equilibrated excited states of CP43 and CP47 are not at the same free energy, then in our model we would expect some additional equilibration between these two antenna complexes, basically occurring on the timescale of energy transfer between them and the RC (see the 40-ps component in the amplitude matrix, Fig. 3 B) . Of course, at room temperature such a component will be small, the excited state energies of the two complexes are virtually the same, but at some lower temperature, this process may become visible and in fact be an excellent test of this kinetic model. Finally, in Holzwarth et al. (19) and Miloslavina et al. (22) , the 30-to 40-ps decay is the main excited state decay, whereas in our results the dominant excited state decay occurs in 360 ps by formation of the RP3 radical pair. Because we are working under conditions of closed RCs (meaning Q A is in the reduced state), this component reflects the relaxation of the radical pair P Nevertheless, it is remarkable that in the fluorescence data in Miloslavina et al. (22) , there are many components slower than 30-40 ps that are totally absent in the stimulated emission decay of the pump-probe results (19) . We finally note that the excited state decay as observed in the femtosecond mid-IR data is adequately described in our model and also fits the fluorescence streak data recorded for PSII cores under similar conditions.
Consistency of P D1
1 Pheo D1 À spectra in intact core molecules and isolated RC
The identity of the rates and the mechanism of the early electron transfer processes in isolated PSII RC and intact core complex has been a matter of debate since the 1970s. The results obtained for isolated RCs have been questioned recently (7, 9, 41, 42) because of the biochemical state of the purified D1D2-RC that, in the absence of the quinones Q A and Q B , can not produce a stable charge separation and consequently can not oxidize water and produce oxygen any more. The spectroscopic properties of the triplet state as observed in D1D2-RC versus the state observed in PSII core suggested strong preparation-induced shifts of the site energies of the pigments carrying the triplet state, which are localized on Chl D1 at ,80 K and can be shared with P D1 at .80 K (6). Furthermore, high-resolution spectroscopy on very concentrated core PSII samples suggested that the nature of the P D1 in PSII cores might be very different from what has been reported for D1D2-RC (41) . In contrast, here we find that the mid-IR spectra for the state P 1 D1 Pheo À D1 measured in PSII cores and in the D1D2-RC are virtually identical, suggesting that the D1D2-RC in its purified form represents the in vivo situation: all the important interactions between the Chl cofactors and the protein environment are still intact. Also, the fact that we could use the reaction model established for D1D2-RC (16) to fit the PSII core data point to a high degree of similarity of the PSII-RC in both preparations. The deviating observations at low temperature may be caused by the interference of Chl triplet states in the antenna, which have been shown for CP47 to be quenched for only 50% by carotenoids at T , 40K (43) .
CONCLUSIONS
From the experiments presented in this manuscript we conclude that the kinetic model proposed for the reactions occurring in the isolated D1D2-RC on the basis of earlier visible pump/mid-IR probe data (16) , when combined with two slow energy-transferring antenna compartments, CP43 (31) and CP47 (30) , explains the observed spectral evolution in PSII cores very well. This proposed scheme is in agreement with the structural data for the PSII core. The spectra obtained for the stable radical pair P 1 D1 Pheo À D1 in PSII cores strongly resemble those measured earlier for the PSII RC indicating that the pigments involved in these radical pairs experience a very similar local (protein) environment.
